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ABSTRACT OF DISSERTATION

IMPLICATIONS FOR THE INTERACTION BETWEEN THE HEAT SHOCK
TRANSCRIPTION FACTORS AND THE TRANSLOCATED PROMOTER REGION
PROTEIN
The heat-shock response is one of the many complex physiological systems that
organisms have developed in order to protect their cells against stress. This response is
initiated by the binding of heat shock factor 1 (HSF1) to the promoters of genes
containing heat-shock elements (HSEs,) which results in the expression of several
proteins, among them the proteo-protective inducible heat-shock protein (hsp70i). Due to
HSF1’s critical role in this process, an active area of research is trying to understand of
how HSF1 executes its function.
Considering the rapidity with which the field of cell biology is expanding, in
particular the sub-field of nuclear compartmentalization, this study seeks to understand
how nuclear structure affects the function of HSF1. Specifically, this study investigates
the potential role for the interaction between HSF1 and the translocated promoter region
protein (Tpr,) a structural component of the nuclear pore, an interaction initially
identified by yeast two-hybrid analysis, in the transcription of hsp70i. Due to Tpr’s
location and its putative function in nucleo-cytoplasmic trafficking, this works seeks to
answer to the question, “Does Tpr play a role in the export of HSF1-driven mRNAs?”
In a similar vein, heat-shock transcription factor 2 (HSF2,) a less well-understood
member of the heat-shock transcription factor family, also interacts with Tpr in the yeast
two-hybrid assay. HSF2 has recently been shown to have an active role during mitosis,
when the hsp70i gene is being bookmarked for potential expression that might be needed
in early G1, when most genes are unable to be expressed. This body of work also seeks

to answer the question of, “Does the Tpr/HSF2 interaction have a role in positioning the
gene in relation to the nuclear pore after mitosis?”
This study was performed using both novel and standard in vivo and in vitro
molecular biology techniques. It ultimately aims to clarify the less understood, although
much broader, subject of how does transcription occur in the three-dimensional space of
the nucleus.
KEYWORDS: HSF1, Tpr, HSF2, mRNA export, gene localization.
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CHAPTER ONE:
Background and Introduction
The Nuclear Pore
The nucleus is essentially the brain of the cell; it is ultimately responsible for
controlling the basic cellular functions and responding to stimuli with a cellular fixed
action pattern. For a stimuli to be transduced into the nucleus, and for the genome to
respond, molecules must pass through the nuclear pore, a large (~60 mDa) proteinacious
structure embedded in the nuclear membrane (Bodoor et al., 1999).
The two molecules that receive the majority of the press concerning nucleocytoplasmic trafficking are proteins and mRNAs. For proteins, import into and export
out of the nucleus occurs through different pathways. In terms of import, two different
pathways exist depending upon the size of the protein. Molecules smaller than ~ 40 kDa
can enter the nucleus through diffusion, while larger molecules require a specific import
system. This system classically involves 1) a nuclear localization signal (NLS) on the
protein being imported, 2) import receptors (or karyopherins) 3) fibrils emanating from
the nuclear pore into the cytoplasm (Nup358), which binds the transport receptors and
their concomitant cargo and guides them through the nuclear pore and 4) energy in the
form of GTP (Mororianu, 1999). To exit the nucleus, similar general and specific
pathways exist. While diffusion is the preferred method for smaller molecules, larger
proteins must exit the nucleus through a nuclear export pathway, where the transported
protein must have a nuclear export signal (NES) to which an export transporter (such as
CRM1) binds. This complex is then trafficked through the nuclear pore into the
cytoplasm in a GTP-dependent manner (Moroianu, 1999). With the correct composition
of components present, proteins can effectively move into and out of the nucleus.
For the trafficking of mRNAs out of the nucleus, the mechanism is less clear, and
is dependent upon having a complete, export-competent ribonucleoparticle (RNP),
meaning the mRNA must be completely and accurately processed, and the correct
composition of mRNA binding proteins must be present. Numerous proteins necessary
for the message to be accurately processed, as poly-adenylation components, are often
loaded onto the nacent mRNA through DNA binding proteins (Xing et al., 2004). After
this assembly occurs, transport receptors such as TAP/NFX1 (the mammalian orthologue
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of Mex67p) must bind in order to thread the RNP through the nuclear pore (Zenklusen
and Stutz, 2001). Ultimately, this process is the result of specific interactions between
RNA, protein, and DNA.
The site where all this action occurs, the nuclear pore, is a membrane-bound gate
with an eight prong radial symmetry. The basic structure is composed of two rings
embedded in the nuclear membrane, a cytoplasmic ring to which the previously
mentioned cytoplasmic fibrils are anchored and a nucleoplasmic ring to which the nuclear
basket, a “fish-cage” like structure composed of the translocated promoter region protein
(Tpr), is anchored (Krull et al., 2004). In the center of the rings is p62, also known as the
central plug of the nuclear pore.
Tpr, the main component of the nuclear basket, has proven to be a critical
component in nuclear pore function, although the details are still a mystery and remain
subject to experimental design. Tpr and Tpr-related orthologues continue to be identified
and explored. Although, Tpr’s role is multi-directional and dependent upon the species,
it is becoming increasingly clear that Tpr plays a dynamic and fundamental role in
nucleo-cytoplasmic trafficking.
Tpr's Role in Nucleocytoplasmic Protein Transport
To initially assess the role of Tpr in the nucleocytoplasmic trafficking of
molecules, multiple assays (deletion mutants, overexpression and import/export assays)
were performed in Saccharomyces cerevisiae and Schizosaccharomyces pombe
(hereinafter both shall be referred to as "yeast") with Myosin-like protein 1 (Mlp1) and
Myosin-like protein 2 (Mlp2), the two Tpr paralogues in yeast (Strambio-de-Castilla et
al., 1998). In order to first determine if the Mlp1 and Mlp2 genes were essential, both
single and double deletion strains were created and shown to be viable, indicating that
neither gene is critical for cellular function. In addition, the single deletion mutants
competed with their wild-type counterparts in rich growth media, while the double
mutants did not. This suggested that these genes are similar in function. After initial
studies localized Tpr to the nuclear pore, investigations into the role of Mlps in nonspecific nucleocytoplasmic transport began. Strambio-de-Castilla et al. (1998) showed
that in Mlp double mutants, GFP-NES protein export assays showed no change in
kinetics, while GFP-NLS import assays showed marked deficiencies. However,
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overexpression studies performed by the same lab showed nuclear import and nuclear
export assays were unaffected. While the different methods found inconsistent results,
these early studies initiated interest in Tpr's role in nucleocytoplasmic protein trafficking.
To investigate Tpr's role in protein import with more biochemical detail, Shah et
al. (1998) used the Xenopus oocyte system, which provides an abundant amount of
nuclear pore material in an assembly competent state. The results of this study showed
that Tpr can bind both importin β (a nuclear transport receptor) and importin α/β
heterodimers, but interestingly enough, only those that do not carry cargo. Unlike
Nup153 (the protein that anchors Tpr to the nuclear pore), importin β cannot freely
dissociate with Tpr complexes, yet experiments using the GTP analog, GNP-PNP, Tprimportin β and Nup153-importin β complexes disassembled without issue, suggesting
this binding is an energy-dependent system. While the authors did not directly study the
movement of molecules across the nuclear pore, these biochemical results suggested a
specific role for Tpr as a terminal step in protein import and an initiation step in protein
export.
While the yeast studies, and to a smaller extent, the Xenopus studies, suggest a
role for Tpr in protein import, the work in human cell lines suggests a stronger role for
Tpr in protein export. Initially, protein import and export were studied in a
dexamethasome inducible, glucocortocoid receptor-β-galactosidase fusion protein
expressing cell line. Overexpression of various HA-Tpr constructs did not impair either
protein import or protein export of the fusion protein (Bangs et al., 1998). However,
using an immunodepletion approach, in which mitotic cells were injected with anti-Tpr
antibodies and then released from the mitotic block and allowed to divide (which results
in the daughter cell nuclei being essentially Tpr-less), a different result was observed.
Without Tpr, the GST-NLS substrate was unaffected. However, in export studies using a
GST-NES substrate, almost the entire signal was seen in the nucleus after injection with
the anti-Tpr antibody (Frosst et al., 2002). Again, the early results are contradictory, but
do point to a role in macromolecular trafficking.
While the results are inconsistent, and each assay is a highly modified and
manipulated system, the general trend seems apparent. Although the function is still a
mystery, Tpr seems to be playing a direct role in protein trafficking in the nucleus. While
the localization of Tpr at the nuclear basket could possibly be seen as an architectural
3

element, that is, merely a scaffolding through which other dynamic proteins interact,
these studies demonstrate that Tpr itself is dynamic and interacting directly in the
nucelocytoplasmic trafficking of molecules.
Tpr's Role in Nucleocytoplasmic mRNA Transport
In mRNA export, Tpr's role is now more defined, although initial results were
burdened by the same issues as those in the protein transport studies, namely species and
experimental differences. Initially, the double Mlp mutants saw no change in poly(A)+
transport (Strambio-de-Castilla et al., 1998). However, as data came to light that not only
the various orthologues between species, but the paralogues within species themselves,
could be functioning differently, poly(A)+ transport began being studied in these terms.
Kosova et al. (2000) found that overexpression of Mlp1, and not Mlp2, resulted in
nuclear accumulation of poly(A)+ mRNA (which, incidentally, co-localized with Mlp1
staining) in the chromosomal free space of the nucleus. In addition, experiments
involving HA-Tpr overexpression in the glucocorticoid-receptor-β-galactosidase fusion
protein expressing cell line, as well as those involving Tpr immunodepletion, saw a
drastic accumulation in nuclear poly(A)+ mRNA, suggesting export of these molecules
was severely impaired (Bangs et al., 1998; Frosst et al., 2002). These results suggest a
fairly clear role for Tpr in mRNA export.
Much in the same way that after Tpr's role in protein import/export was initially
observed, the binding partners began being teased out, studies are now underway to
understand how and when and which proteins interact with Tpr to influence mRNA
export. We now knows that both Mlp1 and Mlp2 interact with a variety of mRNA export
factors, such as Nap2p, Yra1p and Mex67 (Green et al., 2003; Vinciguerra et al., 2005),
while the Drosophila orthologue of Tpr co-localizes with hnRNP Hrb 57A, PEP and the
RNA-binding protein NONA (Zimowska et al., 2002). This demonstrates that not only is
Tpr involved in mRNA export, its binding partners are also those proteins involved in
mRNA export.
In addition to the identification of these binding partners, specific roles for Tpr in
mRNA export are also under investigation. For example, while Mlp1 has not been shown
to be essential for mRNA splicing, it has been demonstrated to be necessary for retention
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of unspliced mRNA. Galy et al. (2004) showed that the accumulation of unspliced
poly(A)+ mRNA corresponds with Mlp immunofluorescence signal, and that the nuclear
retention of mRNA by Mlp1 requires a 5' splice site. The effect of nuclear retention was
also shown to depend on Tpr being localized at the nuclear pore, since Nup60 deletion
mutants, which results in Mlp mislocalizing from the nuclear pore, showed no retention
of unspliced mRNAs. In addition to this study, both Mlp1 and Mlp2 have been shown
to bind Pml39, which is also critical for retention of unspliced mRNAs (Palancade et al.,
2005). These data, while genetic, do suggest a direct role for Tpr in mRNA export.
While Tpr is involved in mRNA export, and although transcription and export of
mRNAs is a coupled function (Vinciguerra and Stutz, 2004), Tpr does not seem to play a
direct role in transcription. Although RNAi knock-down of Tpr or Nup153 (and not
other nuclear pore proteins) in Drosophila does result in a down-regulation of X-linked
gene expression (as well as a delocalization of male-specific lethal DNA binding proteins
from the X chromosomes (Mendjan et al., 2006)), Shibata et al. (2002) demonstrated that
Tpr-less cells incorporate BrUTP without issue. These data suggest transcription is not
directly dependent upon Tpr.
While more specific studies are needed, Tpr is a dynamic factor in mRNA export,
although it remains to be seen if Tpr has both a general function as well as a specific
function. The previously mentioned studies suggest that Tpr's role might be 1)
dependent upon the species, especially since the two Mlps are beginning to be studied
independently of each other, 2) dependent of the nature of the mRNA, such as whether it
contains introns or not, and 3) dependent upon gene expression, although this role might
be specific for certain expression systems, and not a direct role in transcription.

Identification of Tpr Genes
Tpr was initially identified after a novel transcript was created when human
osteogenic sarcoma cells were treated with N-methyl-N'-nitroguanindine (MNNG), a
clastogenic agent known to increase sister chromatid exchange. This transcript hybridized
at its 5' end to Tpr and its 3' end to met, a tumor proto-oncogene (Park et al., 1986).
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Based upon this discovery, the Tpr-met oncogene was initially investigated in terms of
cancer chromosomal rearrangements (Soman et al., 1991; Michelin et al., 1993; Tahara,
1993). In 1992, however, Mitchell and Cooper identified rat cDNA clones that
correspond to the tpr-met fusion protein, and further investigation identified this protein
as 1) a phospho-protein (as detected by phospho-labeling), 2) containing a putative
coiled-coil region, 3) having a highly acidic predicted C terminal globular domain, 4)
containing 10 putative leucine zippers and 5) localizing to the cytoplasmic face of the
nuclear pore, as determined by digitonin permeablization. Although the last observation
was first confirmed by Byrd et al. (1994), it was later disproved by Cordes et al. (1997).
This data, although early in the Tpr field, provided an interesting and fairly thorough
picture of this protein.
Six years later, Kolling et al. (1993) identified a yeast gene which was sensitive to
UV light that contained myosin-like heptad repeats, designating it Mlp1 (myosin-like
protein). Following this discovery, Strambio-de-Castillia et al. (1999) further
characterized Mlp1 as being 1) imported to the nucleus through a C terminal NLS, 2)
located to the nuclear periphery and to intranuclear fibrils that excluded DNA but were
permeable to proteins, and 3) co-fractionated and co-localized with nuclear pore
components. The same study also found a homologue to Mlp1 from yeast ORF YIL 149c
and designated it Mlp2, although there is only ~28% sequence identity between the two.
From this work, the yeast studies blossomed.
Four years after the identification of the Mlp proteins, Drosophila's homologue
was identified, although knowledge of this protein had existed since the 1980's. Unlike
yeast, Drosophila has, to date, only one Tpr orthologue. Like a number of other nuclear
pore proteins, Drosophila's Tpr orthologue was identified through antibodies raised
against nuclear pore extracts. In the mid-1980's Manfred Frasch generated monoclonal
antibodies to chromosomal proteins in Drosophila, one of which was Bx34, which was
later found to recognize the Drosophila homologue of Tpr (Zimoska et al., 1997), and in
2004, it was renamed to Megator (or Mtor.) The early studies using the Bx34 antigen
found the antigen to be synthesized by the embryo itself, appearing in the early syncitial
blastoderm, as opposed to being maternally transmitted (Frasch 1988.) Almost a decade
later, in 1997, the Bx34 antigen was pronounced an ortholog to Tpr, and was later shown
6

to relocate not to sites of transcription, but to a 93D heat shock puff, which is a repository
for many pre-mRNA metabolizing components during heat-shock (Zimowska et al.,
2002). These discoveries are a fascinating case-study of the convergence of early data
coming to light with new techniques and descriptions.
Structural Analysis of Tpr and Tpr's Role in Nuclear Pore Architecture
In 1997, through use of antibodies made against nuclear pore extracts, Cordes et
al. (1998) isolated cDNA clones from both human and Xenopus cells that correspond to
Tpr. In the following year, the same group dissected Tpr to determine that Tpr contains a
bipartite NLS and is anchored to the nuclear periphery by the N terminal region. Further
studies determined that Tpr self-assembles into in-parallel and in-register homodimers at
the N terminal region, which binds to the nuclear pore, and that the free, soluble Tpr will
occasionally form aggregates, but cannot self-assemble into polymeric structures nor
does it bind to the nuclear pore. Furthermore, nuclear pore binding was determined to be
based on the integrity of the consensus sequence of heptad repeat cluster 5 of the protein
(Hase et al., 2001). The same group found that Tpr is found ~150 nM from the
perpendicular plane, as investigated by immunogold labeling (Hase et al., 2001), which
corresponds nicely to the results in yeast, which measured Mlp1's maximal distance from
the cylindrical axis of the nuclear pore complex to be ~120 nM, although the average
distance from the mid-plane of the nuclear envelope was determined to be 84 +/- 54 nM
(Strambio-de-Castilla et al., 1999). This seminal paper in the field provided much of the
structural data necessary to deeply investigate Tpr.
As far as assembly of the nuclear pore is concerned, Tpr has repeatedly been
shown to be one of the last components brought into the nuclear pore, well after nuclear
import capabilities has been restored (Bodoor et al., 1999; Boehmer et al., 2003). During
mitosis, Tpr is generally excluded from the chromosomes, but 9-11 minutes after the
mitosis to anaphase transition, Tpr resumes a position in the perichromosomal region.
Tpr strongly associates to the perichromosomal area 16 minutes after the mitosis to
anaphase transition, but then relocated to the nuclear periphery (Haraguchi et al., 2000).
Due to the late association of Tpr with the nuclear pore, Tpr has been shown to be
unnecessary for other nucleoporins to assemble at the nuclear pore (Frosst et al., 2002).
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Non-nuclear Pore Associated Tpr
One confounding and confusing aspect of Tpr research has been the precise
localization of this protein. For example, Mlp1 has been localized to both the nuclear
pore and intranuclear fibrils, while Mlp2 typically resides only at the nuclear pore. Mtor
in Drosophila shows distinct coverage of the interchromosomal space in addition to the
nuclear pore, while Tpr in Xenopus shows mainly nuclear pore staining, but also
demonstrates a small amount of intranuclear staining. Tpr in human cells lack the
fibrillar network previously reported (Cordes et al., 1997; Strambio-de-Castilla et al.,
1999; Fontuora, 1999), and the most recent reports demonstrate a punctuate nuclear
periphery staining, as well as a variable number of intranuclear foci (Frosst et al., 2002
and Shibata et al., 2002), although this too is in question. These various description of
sub-nuclear location of Tpr in different species raises the question of exactly where is this
protein located.
To address the issue of Tpr compartmentalization between the different species
and reports, Kuznetsov et al. (2002) analyzed the structure of the murine orthologue of
Tpr and its subcellular localization and compared them to known Tpr orthologues and
their subcellular localizations. This report made several interesting observations between
the species, the first being that most likely, there is not a paralogue in mammals, and that
yeast have, in addition to Mlp1 and Mlp2, two other potential orthologues, Alm1 and
CAA 19588. (See Figure 1.1, which is from Kuznetsov et al., 2002) The second
interesting discovery is that the N terminal region of Tpr (the coiled-coil heptad repeat
region) is highly conserved between yeast and metazoans, while the C terminal region is
highly variable. In metazoans, the C terminal regions are significantly longer and contain
regions enriched in certain amino acids. Among the amino acid enrichment are potential
RRG boxes, which are often found in a number of RNA binding proteins. The third
interesting result was that, through post-translational gene silencing and
immunofluorescence, the majority of mammalian Tpr is located at the nuclear periphery
and the copious amount of intranuclear staining can primarily be attributed to crossreactivity with other coiled-coil nuclear proteins, as antibodies made to coiled-coil
regions still showed prominent intranuclear staining after treatment with Tpr siRNAs,
which effectively eliminated all nuclear periphery staining. However, for intranuclear
staining that is still apparent, the authors both recognize and acknowledge that there
8

might exist a free soluble form of Tpr that interacts with intra-nuclear proteins. However,
though, this population, through Stokes radii measurements, is not thought to be the
homodimers found at the nuclear pore. These three observations significantly contributed
much needed answers to the field.

Figure 1.1: Homology of additional putative yeast Mlps (from Kuznetsov et al., 2002).

Other Potential Tpr Functions
Due to Tpr's location at the nuclear periphery, a number of studies have
implicated Tpr as a platform linking various proteins and processes to the nuclear pore.
For example, Mlp1 has been implicated in anchoring desumoylating enzymes to the
nuclear pore (Zhao et al., 2004), while another function of Mlps, though highly debated,
is the binding of telomeres to the nuclear pore. Early reports (Galy et al., 2000;
Fuererbach et al., 2002; Andrulis et al., 2002) formed the foundation for the hypothesis
that the Mlp proteins acted as an anchor to which Sir, Ku and telomeres interacted with
the nuclear pore. These studies were performed with artificial silencer elements driven by
selective media under different genetic backgrounds. In 2002, however, Heidger et al.
reported that both the heterochromatic HM loci, which are tightly linked to telomeres,
9

along with endogenous telomeres themselves are not misplaced in Mlp1 and 2 double
mutants, nor do these loci cluster with the nuclear pore. Mlp single or double mutants do
not perturb telomeric repression. As assayed in their experimental system using two
different telomers in two different selective media in various genetic backgrounds, the
authors did, however, find that the average telomere length was extended in Mlp single
and double mutants. The authors attributed the differences between their results and the
previous results by showing that the common in situ hybridization procedures used in the
previous study were insufficient, as nuclear integrity was not monitored with nuclear
pore antibodies, nor did they notice nor measure the swelling of the nucleus in the Mlp
mutant nuclei, which occurs in sub-optimal FISH conditions.
Another fascinating potential role for Tpr is in spindle pole body functions.
Mlp2, while thought to be a paralogue of Mlp1, has recently been shown via mass
spectrometry to have strikingly different binding partners than Mlp1 (Niepelm et al.,
2005). While often implicated in the same functions of Mlp1, the results of this mass
spectroscopy analysis suggests a role for Mlp2 in spindle pole body assembly. Other Tpr
orthologues have also been implicated in spindle functions. In Drosophila, Mtor was so
name because it was localized with the spindle matrix proteins, Skelator and Chromator
(Qi et al., 2004), and early in Tpr research, the Bx34 antigen was shown to primarily
reside in the chromosomal area during metaphase, but in anaphase, it relocated to the
center of the spindle region (Frash et al., 1988). While in the early stages, this field is
perhaps the next step in Tpr research.
While the function of Tpr in human cells has classically encompassed general
protein import or export and poly(A)+ mRNA transport (see previous discussions), there
are several studies indicating more specific functions of Tpr in protein import in humans.
For example, Tpr has been shown to bind and help import the N terminal huntingtin
fragments that contain polyQ expansions (>37) into the nucleus (Cornett et al., 2005). It
has also been shown that Tpr binds Ifi204, an interferon inducible gene and potentially
traffic the gene product through the nuclear pore (DeAndre et al., 2002). As an aside,
Tpr has also been identified as a target for caspaces during the apoptotic destruction of
the nucleus (Ferrando et al., 2001). In addition to the general transport function, these
are examples of a more specific transport function.
10

Clearly, the Tpr field has developed more complexity since the initial studies.
Not only is it implicated in general transport functions, but more specific ones as well.
Tpr has also been implicated in anchoring functions of desumoylating as well as
potentially anchoring telomeres. The most interesting development in this field, as far as
this author is concerned, is the role of Tpr in spindle pole body function. In the next few
years, research in Tpr function has much to offer the scientific community.
HSF1
The heat-shock response (HSR) is a complex, multi-step physiological process
that enables the cell to cope with a number of different stresses, including xenobiotic,
psychological, viral and bacteria infection, to name a few. The most well-defined
pathway in the heat-shock response is the up-regulation of the heat-shock protein 70
(hsp70i) by the heat-shock transcription factor 1 (HSF1). Upon stress, proteins misfold,
exposing hydrophobic elements that seek out other hydrophobic elements, forming
aggregates in the hydrophilic environment of the cell. Hsp70i, however, binds to the
hydrophobic regions. This process is initiated, at the transcriptional level, by HSF1.
HSF1 is the classical heat-shock transcription factor that contains an N terminal
helix-loop-helix DNA binding domain and trimerization domains. Upon stress, HSF1 is
phosphorylated at a number of potential residues, modified by the Small Ubiquitin
Modifiying Protein (SUMO) and binds to the classically defined heat shock binding
element (HSE) consisting of three inverted repeats of nGAAn found in the proximal
promoter of the hsp70i gene. In addition to the sub-population of HSF1 binding at the
promoter, another sub-population of HSF1 also relocates into nuclear stress granules
upon stress and rapidly redistributes to the nucleoplasm upon recovery from stress
(Pirkkala et al., 2001). These multiple post-translational modifications add the necessary
layers of regulation to this critical transcription factor.
To date, 3 HSFs have been identified in mammalian cells, HSF1, HSF2, and
HSF4, all of which have both an α and β isoform. HSF3 has also been identified, but
seems to be an avian specific HSF, and yeast and drosophila seem to have only one HSF.
However, several interesting general similarities exist between species. First, the DNA
binding and transcriptional activities remain uncoupled in most cell types. For example,
while yeast HSF is perpetually trimerized and bound to the DNA, additional stimuli is
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required for transcriptional activity. Similarly, HSF1 in mammalian cells can be
trimerized by NSAIDS but will lack transcriptional activity. Another interesting
similarity that exists between species is that, in most species, HSF1 binding proteins act
as negative regulators. For example, HSF1 is sequestered by both hsp90 and HSFBP in
most species except yeast (which is constitutively trimerized), suggesting a potential link
between these interacting proteins and negative regulation of this critical transcription
factor (Pirkkala et al., 2001). These studies between different species helped elucidate
similarities by describing the differences.
HSF2
HSF2, generally considered a homologue to HSF1, only shares approximately
35% identity to HSF1. While this protein contains the basic structure of the HSF family
previously mentioned, the function of this protein still remains a mystery. Although
initially noted in both spermatogenesis and development (Sarge and Cullen, 1997), new
experiments have recently elucidated a role for HSF2 in hsp70i gene bookmarking, a
method of keeping the gene accessible during mitosis, when most genes are too compact
for DNA binding proteins to bind (Xing et. al., 2005). While the initial study by Xing et
al. was performed in cell lines, the role of a DNA binding protein keeping a gene
accessible during mitosis could help explain HSF2’s previously noted role in dividing
cells, such as spermatocytes. Regardless, HSF2’s described role is becoming
increasingly more diverse.
Another interesting, though often controversial role for HSF2 has been in the
stress response itself. Initial reports demonstrated that HSF2 can bind HSE elements
(Sistonen et al., 1994). In addition, several reports have demonstrated that HSF2 can 1)
heterodimerize with HSF1 (Loison et al., 2006) and 2) co-localize with hsp70i containing
nuclear stress granules (Alastalo et al., 2003). Most recently, Ostling et al. (2007) has
shown that both HSF1 and HSF2 reside on the hsp70i promoter during stress, and that
HSF2 can have a modulating effect on HFS1 DNA binding efficiency. This question,
although still debated, is becoming increasingly clear.
Both HSF1 and HSF2 are well-studied DNA binding proteins. While HSF1's role
in the expression of hsp70i is fairly well-understood, and HSF2's function is currently
emerging, the next step is to integrate the previous knowledge into the emerging fields of
12

science, whether it is novel activator of these proteins or a novel regulatory level, such as
the effect of nuclear sub-compartmentalization, or in macromolecular trafficking.

Copyright © Hollie Suzanne Skaggs 2007
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CHAPTER TWO:
Tpr facilitates HSF1-driven mRNA export
Introduction
The export of mRNAs out of the nucleus is a highly complex and regulated
system that is dependent upon a stepwise series of DNA, protein and mRNA interactions.
The formation of the ribonucleoparticle received and processed by the ribosome is the
result of several extensively studied steps. Generally, mRNAs must be capped at their 5’
end by 7-methylguanosine, which serves several purposes, such as protection from
nucleases and as a recognition signal by the ribosome. Similarly, the mRNAs must also
be poly-adenylated at their 3’ end, and the intronic sequences must be removed. Multiple
export factors are then added which make the ribonucleoparticle export competent.
These steps culminate to form a export competent ribonucleo-particle.
Recently, studies in mRNA biogenesis are focusing on the overlapping gray areas
in these steps, the results suggesting that each of these processes are not occurring
independently and that they are, in fact, linked. For example, splicing components are
often loaded onto the nascent mRNA as it is processed; similarly, loading of
polyadenylation components also appears to occur during transcription as well
(Neugebauer, 2002). Most recently, studies have focused on the addition of the necessary
export factors, such as the THO and TREX proteins in yeast, during transcription of the
mRNA (Olesen et al., 2005). These data indicate that the previously defined processes
are seemlessly connected and occur during the initiation of mRNA biogenesis.
The stress response, while a classic model for gene expression, is also a wellstudied system for mRNA processing and export. Due to the ease of yeast genetic
techniques, yeast has been the preferred model, and studies using this organism have
illustrated the unique mechanism by which mRNA export is changed during stress. For
example, most mRNAs produced are hyperadenylated; poly(A)+ mRNA is retained in the
nucleus; and although the mechanism is less well-defined than the two preceeding
alterations, hsp mRNA export remains fully competent (Lie et al., 1996; Jensen et al.,
2001). While stress alters other export pathways to make them non-functional, the hsp
mRNA export remains functional during a time when most other export pathways
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become stifled.
Concerning poly(A)+ mRNA retention during stress, studies suggest that the
disassembly of the RNP (which is though to occur through the removal of the SR protein
Npl3 from the ribonucleoparticle) is the switch which retains poly(A)+ mRNAs in the
nucleus after heat-shock (Krebber et al., 1999; Cole et al., 2007). Interestingly enough,
data suggests that Npl3 interacts with Pap1 (the poly(A)+ polymerase) as well as Rrp6 (a
member of the exosome, a complex of exonucleolytic enzymes that generally functions in
mRNA degradation (Jensen et al., 2001)), suggesting that improper poly(A)+ tail
formation and a lack of exosome-mediated quality control may be the basis of poly(A)+
mRNA retention. Without Npl3, studies suggest that cells might not be able to properly
monitor poly(A)+ tail formation, which cannot then be transported, ultimately resulting in
mRNA retention.
Concerning the process by which yeast heat-shock mRNAs are chaperoned and
allowed to exit the nucleus, less data is available, although the data that exists suggests
that multiple pathways interact to achieve this end. For example, the THO system (a set
of proteins that couple transcription to mRNA export) is apparently important, as it has
been shown that in THO defective cells, stress-generated transcripts are 3' truncated and
sequestered in exosome-dependent nuclear foci and thusly, are unable to be properly
exported (Libri et al., 2002). Also to be considered is the role of specific nuclear pore
proteins, such as the nucleoporin hCG1, a binding partner of the export factor Gle1
(Kendirgi et al., 2005), which are suggested players in heat-shock mRNA export. In
addition, Rip1p, a nucleoporin-like protein, has also been implicated in the specific
export of heat shock mRNAs, although this data is currently under dispute (Saavedra et
al., 1997; Vainberg et al., 2000). While numerous players have been implicated in this
process, the precise mechanism remains poorly understood.
Similar studies in mammalian cells illustrate the same general trends found in
yeast, but these studies are more limited. Like yeast cells, mammalian poly(A)+ export is
inhibited, and heat-shock mRNAs are export competent (Sadis et al., 1988). Gallouzi et
al. (2001) notes that hsp70i mRNA do contain a Class III adenylate uridylate (AU)-rich
elements (ARE) in its 3' end, which could possibly interact with the CRM1 export
pathway, which would provide an alternative method for export instead of the Tap
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system. Unfortunately, efforts from this lab to demonstrate this principle were unable to
be reproduced, and ultimately the cited paper had to be partially retracted. However,
more data indicates that there exists multiple pathways for mRNA export during stress,
and that these mechanisms may be gene or gene family specific, such as the results for
IFNa1, which is dependent on the CRM1 export pathway even without the supposedly
necessary ARE (Kimura et al., 2004). While some similarities do exist, the mammalian
system is just beginning to be teased out.
Goals of This Study
With these studies in mind, we attempts to understand how different proteins are
affecting stress-induced mRNA export in mammalian cells. A previous yeast-two hybrid
screen identified Tpr as a potential interacting partner with HSF1. Due to the role of
HSF1 during transcription and the potential roles of nucleoporins in mRNA export, we
sought to examine if and how this interaction influences hsp70i mRNA expression
export.

Our hypothesis is that the HSF1/Tpr interaction is specific, and that this

interaction specifically facilitates hsp70i mRNA export.
Materials and Methods
Yeast two-hybrid assay. The interactions between the pGBD-HSF1 and pVP16-Tpr 14117 and pVP16-Tpr 1218-1320 were identified by streaking yeast (strain pJ694A)
containing these constructs or pGBD-HSF1 bait and empty pVP16 plasmid (as negative
control) on -TL, -HTL, and -ATL plates.
In vitro binding assay.

GST-HSF1 and GST expressed in E. coli were bound to

glutathione-agarose beads and then incubated with 35S-labeled in vitro translated Tpr(14117) or Tpr(1218-1320) in 0.5 ml of 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.1%
Triton X-100, 1 mM DTT, 1X protease inhibitor (Roche) for 16 hours at 4ºC. The beads
containing bound proteins were then washed 4X at 4ºC with 10 mls of 10 mM Tris-HCl
(pH 7.0), 1% Triton X-100, 150 mM NaCl, 2 mM DTT, 1 mM PMSF, followed by one
wash with 10 mls 10 mM Tris-HCl (pH 7), 1% Triton X-100, 250 mM NaCl, 2 mM DTT,
1 mM PMSF. The beads were then resuspended in 30 ul SDS-PAGE loading buffer,
boiled for 5 minutes and then subjected to SDS-PAGE using a 15% gel. The gels were
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then dried and exposed to X-ray film to detect the

35

S-labeled in vitro translated Tpr

proteins. Amounts of GST-HSF1 and GST proteins bound to the beads was determined
by SDS-PAGE followed by Western blot using goat polyclonal anti-GST antibody
(Amersham).
Immunoprecipitation analysis.

106 HeLa cells were heat-shocked at 42ºC for 1 hr,

washed three times with ice-cold PBS, lysed in five volumes 10 mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.2% Tween-20 (TBST) and centrifuged at 13,000 rpm for 15 min at 4ºC.
The supernatant was then immunoprecipitated with 1 µg mouse monoclonal anti-Tpr
antibody (Oncogene Research Products) and 25 µl Protein G Sepharose (Amersham) for
1 hr at 4ºC, washed three times in TBST and subjected to Western blot analysis with
rabbit polyclonal anti-HSF1 antibody.
Chromatin immunoprecipitation assay. 10.0 x 106 Jurkat cells were grown in a spinner
flask in RPMI with 10% FCS and heat-shocked at 42ºC for 1 hour. Cells were crosslinked with 2% paraformaldehyde for 8 minutes and then quenched with 125 mM
glycine. Cells were pelleted and washed three times with PBS, and lysates were prepared
by first lysing the pellets in 50 mM Tris, 85 mM KCl, 0.5% NP-40, and Complete
Protease Inhibitors (Roche) for 10 minutes on ice. The samples were then centrifuged at
5000 rpm for 5 min in a 4ºC tabletop centrifuge, and the supernatant was added to 50 mM
Tris, 10mM EDTA, 1% SDS, and Complete Protease Inhibitors and sonicated five times
at 50% power for 15 seconds, incubating on ice between samples.

Samples were

centrifuged at 4ºC for 10 min and the supernatant was precleared with 10 µg mouse IgG
and 50 µl Salmon Sperm DNA/Protein A Agarose (Upstate) for one hour at 4ºC while
rotating. Two µg of mouse monoclonal anti-Tpr antibody was added and incubated
overnight at 4ºC, after which 2.5 µg rabbit anti-mouse IgG (Sigma) was added for 1 hour
while rotating. Protein complexes were immunoprecipitated with 50 µl Salmon Sperm
DNA/Protein A Agarose for 1 hour at 4º C. Complexes were washed three times for five
minutes each with the following wash buffers: Low Salt Wash Buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris pH 8.0, 150mM NaCl,) High Salt Wash Buffer
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris pH 8.0, 500mM NaCl) LiCl
Wash Buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 1% NP40, 1% deoxycholic acid,
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1mM EDTA) ChIP Wash Buffer (100 mM Tris-Cl pH 8.0, 500 mM LiCl, 1% NP40, 1%
deoxycholic acid) and TE pH 8.0. Complexes were eluted twice for 15 minutes in 0.1%
SDS, 0.1M NaHCO3 while vortexing. Cross-links were reversed overnight at 67ºC with
an additional 200 mM NaCl. DNA was purified with Qiagen PCR Purification Kit and
resuspended in 30µL H2O. Aliquots of 1µL immunoprecipitated DNAs as well as input
samples obtained prior to immunoprecipitation were analyzed by PCR using the
following primers:
antisense

hsp70i (hspA1A) sense 5'- CTCAGGGTCCCTGTCCC-3’ and

5'-TGAGCCAATCACCGAGC-3’;

Histone

H4

sense

5'-

GAGAGGGCGGGGACAATTGA-3' and antisense 5'-TTGGCGTGCTCGGTGTAGGT3'.
Hsp mRNA export analysis.

To generate the Tpr segment mammalian expression

constructs used in this experiment, the sequence comprising amino acids 14-117 of the
Tpr protein was first subcloned into pcDNA3.1 using a EcoRI/BamHI restriction sites on
the

vector

and

PCR

products.

The

sense

primer

was

5'-

TGCAGAATCCATGAACAAGCTGCCCAAGTCTG-3' and the antisense primer was
5'-TGCAGGATCCACCTTTGTTTCTTTGTAAATTGGCTC-3'.

This insert was then

shuttled into pEGFP-C2 using the same restriction sites, yielding pEGFP-Tpr(14-117).
pEGFP-Tpr(1218-1320) was generated by a similar strategy, using the sense primer of 5'TGCAGAATTCATGCAGGTTGAGAGTCTGCGTTA-3' and antisense primer of 5'TGCAGGATCCACCATACCGCTTTTCTCATCCAG-3'.

Cloning junctions were

checked by sequencing, and nuclear localization of these peptides was checked by
transfection and fluorescence microscopy. One µg of each plasmid or empty vector was
co-transfected with either hsp70i-luciferase (luciferase expressed from the stressinducible human hsp70i promoter) or RSV-luciferase plasmids using Effectene (Qiagen)
following the manufacturer’s instructions. The RSV-luciferase plasmid was a kind gift of
Dr. Dan Noonan, and was generated by replacing the CAT coding sequence from RSVCAT2 with the luciferase coding sequence. Cells were heat-shocked at 42ºC for 1 hour,
and then cytoplasmic and nuclear fractions were prepared using hypotonic lysis, as
described in the following. Cells were swollen in 5 packed cell volumes of 10 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF (Buffer A) for
10 minutes on ice. Cells were then centrifuged at 2000 rpm for 10 minutes, resuspended
18

in 2 packed cell volumes of Buffer A, and lysed by 20 strokes of a Dounce homogenizer
with a type B pestle. Nuclei and cytoplasm were separated by 2000 rpm centrifugation
for 10 minutes. Separation was verified by viewing each fraction under a microscope.
mRNA was extracted from each fraction using Trizol reagent following the
manufacturer’s instructions. To analyze mRNA concentrations, each pool was subjected
to an RNAse protection assay using Super Signal RPA III (Ambion) following the
manufacturer’s instructions, using a probe for either luciferase or L32, a consistently
expressed ribosomal protein mRNA. The probe for luciferase mRNA was constructed
via in vitro transcription using MaxiScript (Ambion) and biotinylated UTP (Roche). The
template for in vitro transcription was created using PCR with the hsp70i-luciferase
plasmid and the following primers: 5'-CACGGAAAGACGATGACG-3' and 5'TAATACGACTCACTATAGGTTGGGTAACGCCAGGG-3'.

This PCR product

contained the 3' end of the luciferase mRNA, ending with the polyadenylation signal
(yielding a protected fragment of 325 basepairs) and untranscribed vector sequence
(resulting in an unprotected fragment of 438 basepairs).
RNA immunoprecipitation. 1.5 x 106 HeLa ATCC cells were transfected with 2 µg of
either the Hsp70i-luc or RSV-luc plasmid using Effectene (Qiagen) following the
manufacturer’s instructions. Cells were then heat-shocked for 1 hour at 42°C, washed
once with ice-cold PBS, and crosslinked with 2% paraformaldehyde for 12 minutes while
rotating. Cross-linking was quenched with 125 mM glycine for 5 minutes, and cells were
washed twice with ice-cold PBS, harvested by scraping and snap-frozen in liquid
nitrogen. Cells were resuspended in 2 ml low-stringency RIPA buffer (50 mM Tris-HCl,
pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM
NaCl, 1X Protease Inhibitor Cocktail (Roche) and 80U RNAseOUT (Invitrogen),
pipetted 20X and incubated on ice for 10 minutes. Cells were then sonicated 3X, 80-90%
output, for 20 seconds. Cells were centrifuged at 16,000xg for 10 minutes at 4°C. The
supernatant was precleared with 20 µl Protein G-sepharose (GE Healthcare) washed in
low-stringency RIPA buffer and 100 µg/ml yeast tRNA (Ambion) for 2 hours at 4°C.
During the pre-clear, low-stringency washed Protein G-sepharose beads were coated with
5 µg either Tpr antibody or mouse IgG (Sigma) in low-stringency RIPA buffer. Precleared supernatant was then incubated with the antibody-coated beads for 90 minutes at
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4°C with rotation. Complexes were washed 5X 10 minutes at room-temperature with 1
ml high-stringency RIPA buffer (50 mM Tris-HCl pH 7.5, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 1 M NaCl, 1 M Urea, 0.2 M PMSF. Beads were
then resuspended in 100 µl 50 mM Tris-HCl pH 7.5, 5 mM EDTA, 10 mM DTT, 1%
SDS and crosslinks were reversed for 1 hour at 70°C. mRNA was extracted with Trizol
(Invitrogen) according to the manufacturer's instruction.

The RNA pellet was

resuspended in 10 mM Tris-HCl, pH 7.5, 2.5 mM MgCl2, 0.5 mM CaCl2 and incubated
with RNAse-free DNAse I to remove possible genomic DNA contamination.
Quantitative real-time PCR. cDNA was prepared from samples using ImProm II reverse
transcriptase (Promega) and poly-d(T)16 primers. cDNA was checked on a 1% agarose
gel

with

the

following

luciferase

GTCTGAATTCCAGTCGATGTACACGTTCG-3'

primers:
and

5'5'-

CACGAAGCTTGCATGCGAGAACTCCACGC-3'. Samples were then analyzed by
QPCR using Brilliant SYBR Green QPCR master mix (Stratagene) and the above
mentioned primers for luciferase with the Mx 4000 system (Stratagene). Samples were
checked for specific amplification using dissociation curves analysis included with the
software. The Ct values were normalized to input cDNA (cDNA made from total RNA
before immunoprecipitation step) and IgG controls, which were set as 1 unit. Data is
represented as fold-differences relative to these two values using the formula 2
Input)-(Ct Tpr-Ct Input)]

[(Ct lIgG-Ct

.

Results
Screening of a mouse cDNA library for HSF1-interacting partners yielded two
different regions of Tpr as potential HSF1-interacting regions, amino acids 14-117 and
amino acids 1218-1320 (Figure 2.1, identified by Yiling Hong).
After transforming both the HSF1 “bait” with either Tpr(14-117) or Tpr(12181320) “prey” fragments into the yeast strain PJ69-A4, colonies containing either Tpr
construct formed on plates lacking tryptophan, leucine, and alanine, although Tpr(12181320) had less growth (Figure 2.2, performed by Chris Mayhew and verified by Hollie
Skaggs).
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To test if the interaction between HSF1 and the two regions of Tpr was direct, in
vitro binding experiments were performed in which

35

S-labelled in vitro translated

Tpr(14-117) and Tpr(1218-1320) were incubated with GST-HSF1 or GST bound to
glutathione-agarose beads. The results confirm that both regions of Tpr can interact with
HSF1 (Figure 2.3).
Immunoprecipitation analysis was then performed to determine whether
endogenous HSF1 and Tpr proteins interact, and if so, whether this interaction is interact
in a stress-dependent manner. The results indicate that endogenous HSF1 and Tpr do
associate, and that more HSF1-Tpr complex is observed in extracts of stressed cells than
those of non-stressed cells (Figure 2.4, performed by Hongyan Xing and verified by
Hollie Skaggs), although the intensity of the input lanes do make the interpretations
difficult.
In multi-cellular eukaryotes HSF1 binds to heat shock gene promoters in response
to stress conditions. Therefore, the data presented above in Figure 2.4 indicating that
HSF1 interacts with Tpr in a stress-induced manner prompted the question of whether
Tpr might be recruited to the promoter of the stress-inducible hsp70i gene when cells are
exposed to stress. Using the Chromatin Immunoprecipitation assay, we assayed to see if
Tpr is found within cross-linking distance of the hsp70i promoter, and that more Tpr is
associated with the hsp70i promoter in stressed than in non-stressed cells (Figure 2.5,
upper panel), which the experiment suggests is the case. Tpr was not found to associate
with the promoter region of the histone H4 gene, indicating the specificity of its hsp70i
promoter association (Figure 2.5, lower panel).
Based on previous results indicating a role for Tpr in mRNA export (Bangs et al.,
1998; Shibata et al., 2002; Green et al., 2003; Vinceguerra et al., 2005), including the
finding that the yeast Tpr ortholog Mlp1 interacts with the mRNA export hnRNP nab2
(Green et al., 2002), and that Drosophila Tpr colocalizes in stressed cells with a number
of hnRNPs important for mRNA metabolism (Zimowska and Paddy, 2002), we wanted to
investigate if the recruitment of Tpr to the hsp70i promoter might function as a way to
specifically promote association between Tpr and the stress-induced transcripts that arise
from this gene. To test this hypothesis, we used an RNA-Immunoprecipitation approach.
HeLa cells were transfected with expression constructs in which the luciferase gene is
transcribed either from the stress-inducible human hsp70i gene promoter or the RSV
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promoter. The transfected cells were subjected to an hour of heat shock (42°C), after
which they were crosslinked with paraformaldehyde, and then extracts of these cells were
immunoprecipitated using anti-Tpr antibodies. RNA isolated from the Tpr-containing
complexes was reverse transcribed into cDNAs, which were then analysed by
quantitative PCR using a luciferase primer pair. The results of this experiment indicate
that significantly more luciferase mRNA transcripts generated from the hsp70i promoter
were associated with Tpr compared to luciferase mRNAs transcribed from the RSV
promoter (Figure 2.6).
These results indicate that stress conditions result in increased interaction between
HSF1 and Tpr, increased association of Tpr with the hsp70i promoter, and the
preferential association of Tpr with mRNAs arising from transcription from the hsp70i
promoter. In light of the data suggesting a role for Tpr in mRNA export, we
hypothesized that these events could be part of a mechanism for specifically enhancing
the export of mRNAs transcribed from heat shock gene promoters. To test this
hypothesis we sought to determine whether export of the hsp70i promoter-driven
luciferase mRNAs described above is affected by co-transfecting the cells with
expression constructs encoding the two regions of the Tpr protein (aa’s 14-117 and 12181320) that were shown by our data to interact with HSF1. If the HSF1-Tpr interaction is
important for export of mRNAs expressed from hsp gene promoters, then expressing
either of these two HSF1-binding regions of Tpr could inhibit export of these mRNAs
expressed from hsp gene promoters by decreasing the ability of HSF1 and Tpr to
associate. The data in Figures 2.7a and 2.7b show that both GFP-fusion constructs are
expressed in transfected cells at levels similar to that of GFP alone, and that a significant
proportion of each GFP-Tpr fragment fusion construct is found in the nuclei of these cells
where they would need to be to exert their effects in this experiment. Coimmunoprecipitation analysis confirms that transfection of the GFP-Tpr(14-117) and
GFP-Tpr(1218-1320) constructs, but not the GFP expression construct, results in
decreased levels of the HSF1-Tpr complex in stressed cells (Figure 2.7c).
Next, cells were co-transfected with the GFP-Tpr(14-117), GFP-Tpr(1218-1320),
or GFP constructs alone, along with constructs containing luciferase expressed either
from an hsp70 promoter-driven or from an RSV promoter (non-HSE-containing),
subjected to heat shock treatment at 42ºC for 60 minutes, and then mRNA from
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cytoplasmic and nuclear fractions of these cells was analyzed by RNAse protection assay
using probes that detect luciferase mRNA or the mRNA of the L32 ribosomal protein
(control). The results of this experiment indicate that cells transfected with GFP-Tpr(14117) or GFP-Tpr(1218-1320) exhibit decreased cytoplasmic levels of luciferase mRNA
expressed from the HSE-containing hsp70i promoter compared to cells transfected with
GFP (Figure 2.8, upper two panels). Transfection of GFP-Tpr(14-117) or GFPTpr(1218-1320) did not change the nuclear vs. cytoplasmic levels of luciferase mRNA
expressed from the non-HSE-containing RSV promoter compared to GFP alone,
indicating the hsp70i promoter selectivity of the effect (Figure 2.8, lower two panels).
Discussion
The results presented here indicate that in response to stress the Tpr protein
interacts with the stress-gene transcription factor HSF1, is recruited to the hsp70i
promoter region, preferentially associates with mRNAs transcribed from this promoter
compared to those expressed from a non-stress-induced promoter, and that the HSF1-Tpr
interaction is required for efficient export of hsp mRNAs from the nucleus during stress.
Tpr association with these mRNAs may be assisted by its interaction with mRNAbinding hnRNPs such as nab2 (Green et al., 2003).

Since Tpr is able to form

homodimers (Hase et al., 2001), export of these hsp mRNP complexes could be aided by
docking of the Tpr within them to the Tpr population found at the nucleoplasmic face of
nuclear pore complexes.
These results reveal a direct functional connection between the first and last
nuclear steps in the gene expression pathway, transcription and export of mRNAs from
the nucleus. The HSF1-Tpr interaction and its downstream events could serve as a
mechanism for bypassing the inhibition of mRNA export that occurs in response to stress,
and/or to increase the kinetics of export of hsp mRNAs so that cells can express these
crucial cytoprotective proteins as soon as possible.
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Figures

Figure 2.1: Schematic representation of the HSF1 interacting regions of Tpr
identified by yeast-two hybrid assay. (Yeast two-hybrid screen performed by Yiling
Hong.)
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Figure 2.2: Examining HSF1’s interaction with Tpr via yeast-two hybrid assay.

Figure 2.2: Examining HSF1’s interaction with Tpr via yeast-two hybrid assay.
HSF1 interacts with the Tpr protein in a stress-regulated manner. Yeast strain pJ694A
transformed with pGBD-HSF1 and pVP16-Tpr(14-117), pVP16-Tpr(1218-1320), or
pVP16 alone were streaked on plates lacking tryptophan and leucine (-TL), tryptophan,
leucine, and histidine (-TLH), or tryptophan, leucine, and alanine (-TLA). (Figure shown
performed by Chris Mayhew and verified by Hollie Skaggs.) Two interacting regions
were identified, amino acids 14-117 and amino acids 1218-1320.
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Figure 2.3: In vitro binding assay.

Figure 2.3: In vitro binding assay.
35

S-labeled in vitro translated Tpr(14-117) or Tpr(1218-1320) were incubated with GST-

HSF1 or GST that were bound to glutathione-agarose beads, and then after washing the
amount of bound

35

S-labeled Tpr(14-117) or Tpr(1218-1320) was determined by SDS-

PAGE and autoradiography. Amounts of GST-HSF1 and GST bound to beads were
determined by GST Western blot. Both HSF1-interacting regions of Tpr previously
identified via yeast-two hybrid analysis interact in vitro with recombinant HSF1.
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Figure 2.4: Immunoprecipitation analysis of the HSF1/Tpr interaction.

Figure 2.4: Immunoprecipitation analysis of the HSF1/Tpr interaction.
Extracts of non-stressed (37ºC) or stressed (42ºC, 60 min.) HeLa cells were
immunoprecipitated using anti-HSF1 antibodies or non-specific IgG and the
immunoprecipitates subjected to anti-Tpr Western blot. (Figure shown performed by
Hongyan Xing and verified by Hollie Skaggs.)
interaction, and this interaction increased upon stress.
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Non-stressed cells demonstrate

Figure 2.5: Tpr associates with the hsp70i promoter in response to stress.

Figure 2.5: Tpr associates with the hsp70i promoter in response to stress.
Chromatin immunoprecipitation (ChIP) assay was performed on non-stressed (37ºC) or
stressed (42ºC, 60 min.) Jurkat cells using Tpr antibodies or control IgG antibodies and
PCR primers specific to the promoter regions of the stress-inducible hsp70i gene (upper
panel) or histone H4 gene (lower panel). Interaction was detected in homeostatic cells,
while this interaction increased upon stress.
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Figure 2.6: Tpr interacts with mRNAs transcribed from the hsp70i promoter.

Figure 2.6: Tpr interacts with mRNAs transcribed from the hsp70i promoter.
RNA Immunoprecipitation analysis was performed to measure the amounts of luciferase
mRNA transcribed from the hsp70i promoter vs. the RSV promoter that are associated
with Tpr protein. Results were normalized to expression levels of each mRNA and to
IgG control samples, whose values were set to 1. Interaction was seen in the RSV-driven
luc transcripts, while the interaction in hsp70i-driven transcripts was approximately fourfold greater.
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Figure 2.7: Expression of HSF1-interacting regions of Tpr inhibits HSF1/Tpr
interaction.

A.

B.
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C.

Figure 2.7: Expression of HSF1-interacting regions of Tpr inhibits HSF1/Tpr
interaction.
Expression of HSF1-interacting regions of Tpr inhibits export of a reporter transcript
expressed from the hsp70i promoter. HeLa cells were transfected with GFP-Tpr(14-117),
GFP-Tpr(1218-1320), or GFP alone, and then subjected either to Western blot analysis
using anti-GFP antibodies (a) or to fluorescence microscopy for GFP (b). (c) HeLa cells
transfected with GFP-Tpr(14-117), GFP-Tpr(1218-1320), or GFP alone were subjected to
heat treatment at 42ºC, 60 minutes, and then HSF1 immunoprecipitates from extracts of
these cells were subjected to anti-Tpr Western blot. Tranfection of the HSF1 interacting
fragments of Tpr inhibit HSF1/Tpr interaction as identified by immunoprecipitation
analysis.
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Figure 2.8: Expression of HSF1-interacting regions of Tpr inhibits export of a
reporter transcript expressed from the hsp70i promoter.

Figure 2.8: Expression of HSF1-interacting regions of Tpr inhibits export of a
reporter transcript expressed from the hsp70i promoter.
HeLa cells were co-transfected with the GFP-Tpr(14-117), GFP-Tpr(1218-1320), or GFP
alone constructs along with either a hsp70i promoter- (upper two panels) or RSV
promoter-driven reporter plasmid (lower two panels), subjected to heat shock treatment at
42ºC for 60 minutes, and then mRNA from the cytoplasmic and nuclear fractions of these
transfected cells was analyzed by RNAse protection assay using probes that detect
luciferase mRNA or the mRNA of the L32 ribosomal protein (control). Transfection of
the HSF1-interacting Tpr regions inhibit mRNA export from the hsp70i-driven promoter,
but not the RSV-driven promoter.

Copyright © Hollie Suzanne Skaggs 2007
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CHAPTER THREE:
Tpr interacts with HSF2.
HSF2 has a potential role in hsp70i gene localization.
Introduction
Mounting evidence has recently identified a link between transcription and the
nuclear organization of chromatin, with the concepts of nuclear regions and actual
chromatin movement leading the conversation. New studies show that the nucleus can be
organized into spatially discrete zones, often defined by the actual structure of the
nucleus, such as the nuclear periphery, or by chromosomal domains, such as the
interchromosomal regions. Most of the attention has focused mainly on the nuclear
periphery, which appears to have an evolutionarily conserved feature of containing the
gene-poor regions of the genome, while gene-rich areas of the nucleus tend to establish
themselves towards the nuclear interior (Mayer et al., 2005). The most common example
of this is the nuclear periphery in yeast, which was initially characterized as a
transcriptionally repressed zone, although these initial results are being updated and
revised (Heideger et al., 2002; Galy et al., 2004). While these general conclusions about
the gene-rich and gene-poor areas of the genome exist, several studies show that upon
activation, individual gene loci can act as dynamic nuclear features and relocate to a new
position in the nucleus. For example, and in agreement with the previously mentioned
observations, a 2 Mb segment containing the Mash1 locus in mammalian neuronal cells
migrates away from the nuclear periphery to a more interior nuclear region upon
activation of the Mash1 gene (Williams et al., 2006). However, several recent studies
indicate that transcriptionally active genes are also located at the nuclear periphery, and
that a number of these genes are recruited to this position through a transcriptionally
dependent mechanism, such as the INO1 and hsp110 gene in yeast (Brickner and Walter,
2004; Dieppois et al., 2006). Similarly, the interferon gamma gene is located at the
nuclear periphery, regardless of activational status (Hewitt et al., 2004). Clearly, while
examples exist that agree with the previous model of gene-poor regions primarily being
located near the nuclear periphery, new models are emerging that place active gene-rich
regions at the nuclear periphery as well.
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In mammals, the hsp70i gene is part of the Major Histocompatibility Class
(MHC) III, a ~700 kB region that lies between MHC I and MHC II on the petite arm of
chromosome 6, band 21.3. While this region is extremely gene-rich (greater than 14% of
the DNA is coding and greater than 76% transcribed) and contains a great number of
physiologically and pathologically important genes, such as complement genes and
CYP21 (Xie et al., 2003), relatively little work has focused on the nuclear position and
the effects of this positioning on the expression of these genes. Only two studies have
specifically addressed the nuclear architecture of this region (Volpi et al., 2000; Wiblin et
al., 2005), and both studies suggest this region is an active and dynamic chromatin
domain. Wiblin et al. (2005) identified that while chromosome 6’s nuclear position is
typically conserved in human embryonic stem cells, specific genes within this region can
find alternative locations after activation. Volpi et al. (2000) found that upon interferon
gamma treatment, the MCH III complex loops out of its chromosomal domain. Due to
the physiological importance of this regions, much work is needed to understand the role
of nuclear context in the activation of the genes contained in this region.
To date, the nuclear position of the hsp70i gene has been investigated only in
terms of the position of its transcriptional foci. Studies by Jolly et al. (1997 and 1999)
demonstrate that upon activation the hsp70i gene, the mRNA foci associate with splicing
component-containing intranuclear speckles, although these speckles are distinct from
HSF1-containing nuclear speckles.

While no study has specifically addressed the

location of hsp70i in relation to the nuclear periphery, hsp110 in yeast has shown to
relocate to the nuclear periphery upon activation. Due to the necessity of the hsp70i gene
for cell survival during stress, studies are needed to address the influence of spatial
architecture on stress-gene positioning in mammalian cells.
Goals of This Study
This study sought to investigate the nuclear localization of the hsp70i gene in
mammalian cells. Due to the previous study suggesting that HSF2 is on the hsp70i
promoter during mitosis (Xing et al., 2005) and that HSF2 interacts with the nuclear pore
protein Tpr, we wanted to see if the Tpr/HSF2 interaction played any role in positioning
the hsp70i gene locus. Our hypothesis is that the HSF2/Tpr interaction is specific, and
that this interaction facilitates hsp70i gene localization.
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Materials and Methods
Yeast two-hybrid assay. The interactions between the pGBD-HSF2 and pVP16-Tpr 14117 and pVP16-Tpr 1218-1320 were identified by streaking yeast (strain pJ694A)
containing these constructs or pGBD-HSF2 bait and empty pVP16 plasmid (as negative
control) on -TL, -HTL, and -ATL plates.
In vitro binding assay.

GST-HSF2 and GST expressed in E. coli were bound to

glutathione-agarose beads and then incubated with 35S-labeled in vitro translated Tpr(14117) or Tpr(1218-1320) in 0.5 ml of 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.1%
Triton X-100, 1 mM DTT, 1X protease inhibitor (Roche) for 16 hours at 4ºC. The beads
containing bound proteins were then washed 4X at 4ºC with 10 mls of 10 mM Tris-HCl
(pH 7.0), 1% Triton X-100, 150 mM NaCl, 2 mM DTT, 1 mM PMSF, followed by one
wash with 10 mls 10 mM Tris-HCl (pH 7), 1% Triton X-100, 250 mM NaCl, 2 mM DTT,
1 mM PMSF. The beads were then resuspended in 30 ul SDS-PAGE loading buffer,
boiled for 5 minutes and then subjected to SDS-PAGE using a 15% gel. The gels were
then dried and exposed to X-ray film to detect the
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S-labeled in vitro translated Tpr

proteins. Amounts of GST-HSF2 and GST proteins bound to the beads were determined
by SDS-PAGE followed by Western blot using goat polyclonal anti-GST antibody
(Amersham).
Immunoprecipitation analysis.

106 HeLa cells were washed three times with ice-cold

PBS, lysed in five volumes 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% Tween-20
(TBST) and centrifuged at 13,000 rpm for 15 min at 4ºC. The supernatant was then
immunoprecipitated with 1 µg mouse monoclonal anti-Tpr antibody (Oncogene Research
Products) and 25 µl Protein G Sepharose (Amersham) for 1 hr at 4ºC, washed three times
in TBST and subjected to Western blot analysis with rabbit polyclonal anti-HSF2
antibody.
HSF2 siRNA treatment. HSF2-specific siRNA was made with Ambion Silencer siRNA
kit and Ambion in vitro transcription kit using a top-strand oligonucleotide of 5’ATTGAGAAAAGCAAAAGGTGGCTGTCTC-3’ and a bottom strand oligonucleotide
of 5’-AAGCACCTTTTGCTTTTCTCACCTGTGTC-3’.
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The 3 µg of the resulting

siRNA was transfected into cells using Genesilencer transfection reagent (Gene Therapy
Systems) for 48 hrs.

ImmunoFISH.

Briefly, 500 ng of BAC 215o12 (a kind gift from CHORI) containing

the hsp70i gene was nick-translated with biotin-14-dATP (Invitrogen) to less than 500
bp. The DNA was then precipitated with 10 µg salmon sperm DNA (Sigma) and 12.5 µg
human Cot1 DNA (Invitrogen.) The DNA mixture was dried down and resuspended in 8
µl of 50% formamide, 10% dextran sulfate and 2X SSC. To ensure the DNA mixture
was thoroughly dissolved, the probe was shaken for 1-2 hours. The probe mixture was
then denatured for 10 min at 85° C and pre-annealed for 1 hr at 37°C.
HeLa cells were grown to approximately 70% confluency on acid-washed, flamed
coverslips. Prior to fixation, cells were incubated for 3 minutes in ice-cold cytoskeletal
extraction buffer (CSK buffer: 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM
PIPES,) 3 minutes in CSK buffer + 0.1% Triton X-100 and 3 minutes in CSK buffer.
Cells were briefly rinsed in ice-cold PBS and fixed in 4% paraformaldehyde in PBS, pH
7.4 for 5 minutes. The cross-linking was quenched in 0.1 M glycine/PBS, and cells were
rinsed 3X for 5 minutes in PBS. Cells were permeabilized 2X for 10 minutes in 0.5%
Triton X-100/0.5% saponin, washed in PBS, and blocked for 1 hr in a humidified
chamber with IFA blocking buffer (5% BSA/PBS) at 37°C.

The cells were then

incubated with anti-Tpr antibody in IFA blocking buffer (1:100) for 1 hr at 37°C, washed
in PBS, and then incubated with FITC-conjugated anti-mouse secondary antibody (1:100)
under the same conditions.
After protein labeling, cells were incubated for 30 min to 1 hr at 37°C in 20%
glycerol/PBS and then freeze/thawed in liquid N2 4X, with briefly dipping in the 20%
glycerol between freezings. The cells were deproteinized with a 5 min incubation in 0.1
M HCl at room temperature and a 5 min incubation in 0.001% pepsin/0.01 M HCl. Cells
were post-fixed in 1% paraformaldehyde for 10 minutes at room temperature, quenched
in 0.1M glycine and treated with 100 µg/ml RNAse A for 1 hr at 37° C. Cells were
washed 3X with 2X SSC and incubated in denaturation buffer (50% formamide/2X SSC)
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for 1 hr at 37° C. Cell were denatured for 5 minutes at 75° C in denaturation buffer,
placed warmed slides containing the pre-annealed probe and sealed with rubber cement.
Cells were incubated for 24 hr at 37°C in a humidified chamber. The next day, the cells
were washed 3X in 2X SSC/0.1% Tween-20 at 37°C and 3X 0.2X SSC/0.1% Tween-20
at 60°C, both with shaking. Cells were blocked in FISH blocking buffer (5% BSA/4X
SSC/0.1% Tween-20) for 1 hr at 37° C. Cells were incubated in 2.5 µg/ml of streptavidin-RRX in FISH blocking buffer for 15 min at room temperature and washed 3X 15
minutes each in FISH wash buffer (4X SSC/0.1% Tween-20 at 37°C.)

Cells were

mounted in DAPI-containing Vectashield (Vectorlabs).
Results
Screening of a mouse cDNA library for HSF2-interacting partners yielded two
different regions of Tpr as potential HSF2-interaction regions, amino acids 14-117 and
amino acids 1218-1320 (Figure 3.1, yeast two-hybrid screen performed by Yiling Hong).
After transforming both the HSF2 “bait” with either Tpr(14-117) or Tpr(12181320) “prey” fragments into the yeast strain PJ69-A4, colonies containing either Tpr
construct formed on plates lacking tryptophan, leucine, and alanine, although Tpr(12181320) had less growth (Figure 3.2, performed by Chris Mayhew and verified by Hollie
Skaggs).
To determine if the interaction between HSF2 and these two regions of Tpr was
direct, in vitro binding experiments were performed in which
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S-labelled in vitro

translated Tpr(14-117) and Tpr(1218-1320) were incubated with GST-HSF1 or GST
bound to glutathione-agarose beads. The results confirm the ability of both regions of
Tpr to interact with HSF2 (Figure 2.3).
Immunoprecipitation analysis was then performed to determine whether
endogenous HSF2 and Tpr proteins interact. The results indicate that endogenous HSF2
and Tpr do associate. (Figure 3.4).
To examine the role of HSF2 in the localization of the hsp70i gene in the nucleus,
immunoFISH analysis was performed in cells treated with either a Scrambled or HSF2
specific siRNA. After transfection with the siRNA complexes, Hela cell nuclei were
fixed, permeabilized, and probe with anti-Tpr antibodies to locate the nuclear pore. The
cells were then probed for the hsp70i gene using a biotinylated BAC probe containing the
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hsp70i gene. Pore to periphery measurements were performed using the Leica software
package. The results indicate that in the Scrambled RNAi treated cells, the gene is
located within approximately 1 µM of the nuclear periphery. In HSF2 RNAi treated
cells, the gene localization changes to within approximately 4 µM of the nuclear
periphery. Scrambled and HSF2 measurements were analyzed via Student’s two-tailed ttest (p<0.001).
Discussion
The results here indicate that in addition to HSF1, Tpr interacts with HSF2 as well
in both in vitro systems and native complexes. Due to the wide variety of roles attributed
to HSF2, the function(s) of this interaction has not yet been specifically determined.
HSF2 has previously been implicated in the bookmarking of the hsp70i gene during early
mitosis, and the potential exists that the Tpr/HSF2 interaction has a role in positioning the
hsp70i gene in its nuclear location after mitosis. HSF2 has recently been implicated in
the transcriptional activation of the hsp70i gene through its interaction with HSF1
(Ostling et al., 2007), and due to the previous data suggesting the HSF1 interaction with
Tpr influences transcriptionally related events, the Tpr/HSF2 interaction may also be
affecting this process.
Recently, Dieppois et al. (2006) demonstrated that in yeast, the mRNA export
receptor, Mex67, interacts with Mlp1 and contributes to the stable association of the
hsp104 gene to the nuclear periphery. However, upon deletion of the Mex67p gene,
which results in a mislocalization of the hsp104 gene localization, the hsp104 gene
transcription was not disrupted, suggesting that gene localization is not necessary for
transcription. Interestingly, the Mex67 depleted cells produced more hsp104 transcripts.
In light of our data that HSF2 knockdown by RNAi results in a more central gene
localization, it is not outside the realm of possibility that while transcription might not be
disrupted in cells with a mislocalized hsp gene, the actual effect of the mislocalization
may be realized in the mRNA export and the actual production of protein in question,
which Dieppois et al. did not investigate.

With these considerations in mind, the

HSF2/Tpr interaction may play a role in gene localization, which might influences hsp70i
mRNA export and hsp70i protein production.
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Figures

Figure 3.1: Schematic representation of the HSF2 interacting regions of Tpr
identified by yeast-two hybrid assay. (Yeast two-hybrid screen performed by Yiling
Hong.)
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Figure 3.2: Examining HSF2’s interaction with Tpr via yeast-two hybrid assay.

Figure 3.2: Examining HSF2’s interaction with Tpr via yeast-two hybrid assay.
HSF2 interacts with the Tpr protein in a stress-regulated manner. Yeast strain pJ694A
transformed with pGBD-HSF2 and pVP16-Tpr(14-117), pVP16-Tpr(1218-1320), or
pVP16 alone were streaked on plates lacking tryptophan and leucine (-TL), tryptophan,
leucine, and histidine (-TLH), or tryptophan, leucine, and alanine (-TLA). (Image shown
performed by Chris Mayhew and verified by Hollie Skaggs.) Extracts from yeast were
analyzed for β-galactosidase activity to quantify the relative strength of each interaction.
Two regions of Tpr were identified as potential HSF2 interacting regions, amino acids
14-117 and amino acids 1218-1320. (Performed by Hollie Skaggs.)
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Figure 3.3: In vitro binding assay.

Figure 3.3: In vitro binding assay.
35

S-labeled in vitro translated Tpr(14-117) or Tpr(1218-1320) were incubated with GST-

HSF2 or GST that were bound to glutathione-agarose beads, and then after washing the
amount of bound

35

S-labeled Tpr(14-117) or Tpr(1218-1320) was determined by SDS-

PAGE and autoradiography. Amounts of GST-HSF2 and GST bound to beads were
determined by GST Western blot. Both regions identified by the yeast two-hybrid assay
interact specifically with recombinant HSF2 in vitro.
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Figure 3.4: Immunoprecipitation analysis of the HSF2/Tpr interaction.

Figure 3.4: Immunoprecipitation analysis of the HSF2/Tpr interaction.
Extracts of HeLa cells were immunoprecipitated using anti-HSF1 antibodies or nonspecific IgG and the immunoprecipitates subjected to anti-Tpr Western blot. (Image
shown performed by Hongyan Xing and verified by Hollie Skaggs.) Binding was seen
only in the HSF2 lane and not in the negative control, non-specific IgG.
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Figure 3.5: HSF2 protein expression in HSF2 and Scrambled RNAi - treated cells.

Figure 3.5: HSF2 protein expression in HSF2 and Scrambled RNAi - treated cells.
Treatment of HeLa cells with either an siRNA specific to HSF2 or a non-specific siRNA
effectively knock-downs HSF2, but not HSF1 protein levels.
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Figure 3.6: Gene localization in Scrambled or HSF2 RNAi - treated HeLa cells.

Figure 3.6: Gene localization in Scrambled or HSF2 RNAi - treated HeLa cells.
HSF2 RNAi - treated HeLa cells stained with Tpr (green) for nuclear pore visualization
and probed for the hsp70i gene (red) demonstrate a more nuclear interior hsp70i gene
localization than cells treated with the non-specific Scrambled RNAi control.
implications for this effect has yet to be demonstrated.
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The

Figure 3.7: Quantitation of the hsp70i gene localization.

Figure 3.7: Quantitation of the hsp70i gene localization.
HSF2 RNAi-treated HeLa cells demonstrate approximately four-fold difference in
distance using pore to periphery measurements (p<0.001). These measurements are the
averages of the foci for two experiments using three different planes from each
experiment. The difference is seen in the average, and not necessarily in individual cells.
This is important due to the fact that the experiment did not distinguish between
transfected and non-transfected cells.

Copyright © Hollie Suzanne Skaggs 2007
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CHAPTER FOUR:
Tpr is a potentially SUMOylated protein
Introduction
SUMOylation is the process of covalently conjugating the Small Ubiquitin-like
Modifier (SUMO) to target proteins bearing the consensus motif ψKXE (with ψ being a
hydrophobic amino acid and X representing any amino acid.) This modification results in
numerous alterations to proteins which affects such cellular functions as transcriptional
repression, sub-nuclear structures targeting, and genomic integrity. Currently, four
SUMO proteins have been identified in humans, SUMO-1, SUMO-2, SUMO-3, and
SUMO-4, (with SUMO-2,3 and 4 having more homology to each other than SUMO-1)
that participate in these functions (Hilgarth et al., 2004).
SUMOylation occurs through a four step enzymatic reaction. These four steps are
maturation, activation, conjugation, and ligation. During activation, the SUMO protein is
cleaved by a carboxy terminal hydrolase revealing a diglycine motif important for the
following steps. Activation occurs when the SUMO-specific E1 heterodimer binds to
SUMO through a thioester bond in an ATP dependent reaction, after which SUMO is
transferred to an E2 conjugating enzyme during the conjugation step. Interestingly, there
is only one identified E2 conjugating enzyme for SUMO, while numerous ones exist for
the ubiquitin pathway. The final step, ligation, involves binding of SUMO to the target
protein using one of three E3 enzymes identified (Hilgarth et al., 2004).
Similar to other post-translational modifications, SUMO can be cleaved from the
target proteins by specific proteases. These proteases exhibit incredibly specific subcellular compartmentalization which may play a role in the targeting of protein to these
compartments or in the regulation of which proteins exist in these compartments. The
classic example of SUMOylation targeting a protein to specific subcellular localization is
RanGAP1. RanGAP1, a cytoplasmic protein which regulates Ran (an important GTPase
for nuclear transport), is localized to the nuclear pore only after SUMOylation (Joseph et
al., 2002). An example of SUMOylation determining which proteins exist in a specific
location can be found in the budding yeast. Mlp1, one of the potential Tpr homologues
localizes and stabilizes Ulp1, a SUMO specific protease, to the nuclear pore (Zhao et al.,
2004). Considering these examples, potential SUMOylation of proteins ultimately adds
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an additional level of post-translational level control by directing protein subcompartmentalization.
Goals of This Study
This work was a pilot study to determine whether Tpr was SUMOylated and if so,
what part of the protein was SUMOylated. While not addressed in this study, the future
experiments would address SUMOylations effect on either Tpr's localization, function, or
interacting partners.
Materials and Methods
Plasmid construction. pGem-TprAA1-368, pGem-Tpr AA1-512, pGem-Tpr AA1-865,
pGem-Tpr AA865-2363 were constructed by creating PCR fragments for TprAA1-360,
Tpr AA1-512, Tpr AA1-865, Tpr AA865-2363 with KpnI and MluI sites using the
following primers and ligated into pGem7 cut with KpnI and MluI using standard
molecular biology techniques:
pGem-TprAA1-368:
Forward 5'-TGCATGCAGGTACCCCACCATGGCGGCGGTGTTGCAG-3'
Reverse 5'-TGCATGCAACGCGTTCAGGCTCCTTTACGTTTTGT-3'
pGem-Tpr AA1-512:
Forward 5'-TGCATGCAGGTACCCCACCATGGCGGCGGTGTTGCAG-3'
Reverse 5'-TGCATGCAACGCGTTCAACCCCTTGCTTCTTCAAGT-3'
pGem-Tpr 1-865:
Forward 5'- TGCATGCAGGTACCCCACCATGGCGGCGGTGTTGCAG-3'
Reverse 5'-TGCATGCAACGCGTTCAAAGTGTATGCCTTTGTTCCACC-3'
pGem-Tpr 865-2363:
Forward 5'- TGCATGCAGGTACCCCACCATGACTAGAAATCTAGATGTTC-3'
Reverse 5'- TGCATGCAACGCGTTAATTAATATTTCCTCTGTTTATTG-3'
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In silico SUMOylation site identification. Tpr amino acid sequence CAA47021 was
entered in the Abgent SUMOplot™ program. Potential SUMOylation sights were scored
out of a potential 1.0.
Immunoprecipitation Analysis of Tpr for SUMOylation. HeLa ATCC cells were
harvested and extracted for 10 min on ice with 5 packed cell volumes of lysis buffer
containing 25 mM HEPES, 100 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 20 mM ßglycerophosphate, 20 mM paranitrophenylphosphate, 100 µM sodium orthovanadate, 0.5
mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1x Complete mini-protease
inhibitor cocktail (Roche Diagnostics) supplemented with 20 mM N-ethylmaleimide.
Extracts were centrifuged for 15 min at 4º C at 15,000 g. Supernants were precleared
with 50 µl Protein G-Sepharose and 5 µg IgG. Pre-cleared extracts were
immunoprecipitated with 5 µg of either Tpr or IgG antibody for 1 h at room temperatures.
Complexes were washed 5 times with 1 ml of 20 mM Tris-HCl, pH 7.5, 1 mM EDTA,
10% glycerol, 250 mM NaCl and 0.1% Triton X-100. Samples were Western blotted
with SUMO N terminal rabbit polyclonal (Abgent) antibody.
In vitro SUMOylation of in vitro translated Tpr. 0.25 µg of pHA-Tpr, pGEM-Tpr
AA1-368, pGem-Tpr AA1-512, p-Gem-Tpr AA1-865, pGem-Tpr AA865-2363 was in
vitro translated using the TNT-coupled transcription-translation system (Promega) with
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S methionine at 30º C for 2 h. The in vitro translated product was incubated with GST-

SUMO-1 in reaction buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 2
mM ATP, 1 mM dithiothreitol) at 30°C for 1 h. Samples were resolved out on SDSPAGE gels.
Results
Abgent’s SUMOplot™ program is an algorithm based on direct amino acid match
to the SUMOylation consensus sequence and substitution of the amino acid residues in
the consensus sequence with amino acid exhibiting similar hydrophobicity. Using this
program, 21 potential SUMOylation sites were identified, with twelve of which having a
score greater than 0.5, and seven of those having a score of greater than 0.9. One of the
potential sites, K47, occurs within the HSF1 and HSF2 Tpr-interacting region identified
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by yeast two-hybrid analysis (Figure 4.1). This preliminary data suggest that Tpr can
potentially be SUMOylated in known regions of protein-protein interaction.
Immunoprecipitation with Tpr antibody from both control and heat-shocked HeLa
cell extracts that are subsequently immunoblotted with a polyclonal SUMO antibody
reveal high molecular weight bands that correspond to the known electrophoretic
mobility of Tpr. During stress, extracts precipitated more SUMO, and the IgG samples
showed no immunoprecipitation. A doublet appears in both control and heat-shocked
lanes; however, this is difficult to interpret due to the fragile nature of Tpr which often
results in breakdown products during extraction (Figure 4.2). This data suggests that Tpr
can be SUMOylated in vivo, and that the SUMOylation increases upon stress.
In vitro SUMOylation of full length in vitro translated Tpr reveal a band
migrating slower than the highest Tpr band in samples in which GST SUMO-1 was
added (Figure 4.3, SUMOylation performed by Roland Hilgarth). An abundance of extra
bands are detected, which could be due to several explanations. First, incomplete
transcription or translation of this 2363 amino acid protein could be the culprit; secondly,
the plasmids used could have leaky transcription; and thirdly, the in vitro translated
protein or the buffers used could accelerate the break-down of this protein. Most likely,
all three contribute to this effect. In addition to this data, Tpr amino terminal peptides
showed no difference between samples in which SUMO was or was not added during the
in vitro SUMOylation assay, while the carboxy terminal peptide (865-2363) did exhibit a
band in the plus SUMO lane (Figure 4.4, SUMOylation performed by Roland Hilgarth).
This data suggests that SUMOylation is indeed occurring, and that the site for
SUMOylation could potentially be between amino acids 865 to 2363.
Discussion
SUMOylation of proteins have a direct role in modulating cellular activity. Due
to the nuclear pore being a site of intense SUMO activity, we were interested if any of the
nuclear pore proteins which we study, namely Tpr, was SUMOylated. More interesting,
and a point which has yet to be addressed is, if Tpr is SUMOylated, what is the effect? Is
SUMOylation required for Tpr to localize to the nuclear pore? Is it necessary for HSF
interaction? Is SUMOylation of Tpr responsible for recruitment of other proteins to the
nuclear periphery?
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Our data suggests that Tpr is potentially SUMoylated, and that this SUMOylation
increases upon stress. The preliminary data suggests the SUMOylation is occurring in
the carboxy terminal region. We have yet to determine which, if any, of the potential
SUMO sites identified by the Abgent algorithm are the sites of SUMOylation.
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Figures
Figure 4.1: SUMOplot™ identification of potential SUMOylation sites in Tpr.
Pos.

Score

No.

K457 VASLS VKLE QAMKE

0.93

17

K686 ENYKK EKAE NEKIQ

0.50

2 K1379 EEIGR LKAE IARSN

0.91

18 K1119 LEETT QKAE SQLLE

0.50

3

K165 KGELQ LKLD ELQAS

0.91

19 K1592 GALDQ QKDE LDVRI

0.50

4 K1139 ERERM LKDE VSKCV

0.91

20

K413 DQLLL EKLE NKRIN

0.50

5

K785 VRAEN LKKE KEMLK

0.91

21 K1549 RQQIT EKEE KTRKA

0.50

6 K1400 NLIQS LKED LNKVR

0.91

22

K124 EELEA EKRD LIRTN

0.50

7

K582 ITELQ LKLE SALTE

0.91

23 K1265 HEELM KKTE TMNVV
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Figure 4.1: SUMOplot identification of potential SUMOylation sites in Tpr.
Use of Abgent's SUMOplot™ algorithm identifies 31 potential SUMOylation sites in
Tpr, 7 of which have a score of greater than 0.90. Ten of these sites rank greater than
0.75 out of a possible 1.0.
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Figure 4.2: Immunoprecipitation Analysis of Tpr for SUMOylation.
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Figure 4.2: Immunoprecipitation analysis of Tpr of SUMOylation.
Control and heat-shocked (42º C, 1 h) HeLa cell extracts were immunoprecipitated with
Tpr antibodies and Western blotted with SUMO antibodies. A band immuno-reacting
with an amino-terminal SUMO antibody migrates at a similar molecular weight as Tpr is
detected in untreated cells, and upon treatment, the band increases in intensity.
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Figure 4.3: In vitro SUMOylation of Tpr.

- SUMO +SUMO

Figure 4.3: In vitro SUMOylation of Tpr.
pHA-Tpr was in vitro translated with radioactive methionine and subjected to an in vitro
SUMOylation assay either with or without GST-SUMO 1. (SUMOylation performed by
Roland Hilgarth.) A faint band higher than the largest Tpr band appears only in the
SUMO treated lane.
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Figure 4.4: In vitro SUMOylation of Tpr carboxy terminal truncation mutants.
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Figure 4.4: In vitro SUMOylation of Tpr carboxy terminal truncation mutants.
pGem-TprAA1-368, pGem-Tpr AA1-512, pGem-Tpr AA1-865, pGem-Tpr AA865-2363
were in vitro translated with radioactive methionine and subjected to an in vitro
SUMOylation assay either with or without GST-SUMO 1. The lane marked water is the
in vitro transcription/translation without any DNA subjected to in vitro SUMOylation.
(SUMOylation performed by Roland Hilgarth.) No SUMOylation is seen of the in vitro
translated/SUMOylated products of the pGem-TprAA1-368, pGem-Tpr AA1-512,
pGem-Tpr AA1-865 constructs, but a higher molecular weight band appears in the
SUMO-treated lane of the in vitro translated/SUMOylated products of the pGem-Tpr
AA865-2363 construct.

Copyright © Hollie Suzanne Skaggs 2007
54

CHAPTER FIVE:
Future Directions and Experiments
Mammalian Heat-shock mRNA Export: Unanswered Questions
While yeast systems have provided invaluable insight into the details about
mRNA export, there still exists a massive gap about the fundamentals of the mammalian
mRNA export system. While mammalian inducible and cell-specific systems
undoubtedly contain a number of similarities to yeast in terms of the general export
machinery, gaps in the details are striking. The principle interest in the investigations in
mammalian cells should be to determine which components are part of the general export
machinery (and as an extension, if these parts work in the manner that has been
previously ascribed to them,) and which components have evolved a specific time- and
stimulus- dependent function, such as heat-shock gene expression.
In addition to defining the general and heat-shock specific components in mRNA
export in mammals, an intriguing and unexplored area of research is the question of how
the production of the heat-shock proteins help assemble competent mRNAs for export
during and after stress. Stress has long been known to disrupt the macromolecular
processes important for mRNA export during homeostasis. For example, after stress, the
components of the splicesosome (specifically the U4/U5/U6 tri-SNP component) are
dramatically reduced after a 1 hour, 42° C stress. Similarly, general mRNA export is
decreased as well. However, in both systems, if cells are rendered thermotolerant prior to
a more severe stress occurring, the splicesosome does not break down nor does mRNA
export fully shut down (Bond, 2006). Due to the necessity of chaperones for the
thermotolerance effect to occur, this would suggest an initial biochemical event that leads
to the disassembly of the splicesosome and inhibition of mRNA export. Most likely,
stress alters, either physically or biochemically, proteins and/or their interactions and
allows new partnering to occur or opens proteins up to new signaling events. However,
we don’t know what makes the heat-shock mRNA system heat-stable. Certain
components must already be thermotolerant that already exist in the cell, due to the
necessity of the rapid response and the ability to execute the response. Is a system built
into cells such that when the homeostatic system disassembles, it reveals the heat-shock
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system, making the heat-shock system the core or basic system over which the other
systems are built? In addition to not knowing how the heat-shock system is heat-stable,
we know nothing about the transition that occurs between heat-shock mRNA export and
the resumption of homeostatic mRNA export. Most splicing resumes within 30 minutes
after the stress has been removed (Bond, 2006), which leaves little time for transitions to
occur. Is this a mass action effect, the flux of proteins on and off exposed binding sites?
Are their feedback loops? These questions concerning the reassembly of export
competent cells leaves numerous questions to be answered, such as the most basic,
”how,” and numerous avenues, such as the concept of the heat-shock system being the
operating system upon which other “programs” of export are loaded, to be explored in the
upcoming years.
In terms of this body of work, these questions could begin to be answered by
anchoring the hypothesis around HSF1’s role in assembling the necessary components of
RNP biogenesis. This work has shown that HSF1 recruits a nuclear pore component for
preferential export of heat-shock mRNAs, and previous work has shown that HSF1 also
recruits symplekin, a poly-adenylation factor (Xing et al., 2004). A logical follow-up
question to these results is, "How is HSF1 involved in specifically recruiting the
necessary components of mRNA export during stress, and are these components stresstolerant?"
The Effects of Gene-Positioning on Transcription: Unanswered Questions
As the Stutz group pointed out in their paper concerning the effects of gene
positioning on transcription, the processes of transcription, mRNA export, and gene
positioning are inextricably linked. As that may be, there are still an abundance of
questions concerning this phenomenon and numerous predictions made about this field. .
In general, different loci have different responses to specific stimuli. They can either 1)
move towards a nuclear structure, such as the nuclear periphery, 2) move away from a
structure, such as moving away from the periphery and towards the nuclear interior, or 3)
not move at all. In Chapter Three's discussion, examples of each of these situations were
given, and the fact that the movement, or lack thereof, often does not directly affect
transcription was also mentioned. Considering that this is a relatively new aspect of gene
activation, there exists several questions that need to be addressed for each specific loci.
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First, the question for any gene is, does it move, and if so to what extent? Is it towards a
sub-nuclear structure? In addition to this basic question, the researcher should be asking
the question of, what aspect of gene activation does nuclear positioning affect? Is it
directly related to transcription, as has been shown for hsp104 in yeast? Or is it affecting
mRNA biogenesis and export, or is it part of a down-regulating negative feedback loop?
Once questions such as these are answered, we can better understand the role of gene
positioning in transcription.
In terms of the predictions about how genes are positioned, they generally fall into
two categories, the first being that gene position is a developmental process and the
second being that gene positioning is an evolutionary process. While the data is still
relatively thin, and the few genes that have been investigated have not been studied in
consistent terms (i.e. some have been studied at the individual gene level, while others
have been studied at the megabase level), the developmental camp claims that one must
make predictions based on similarities to other cellular functions. Cellular functions fall
into two categories: general (e.g. house-keeping genes, nuclear transport systems,
respiration) and specific (stimuli-induced gene transcription, tissue-specific gene
expression profiles, etc.) Similarly, this camp expects the field of nuclear organization to
have similar patterns. Tissue-specific genes might have a preferential location in terms of
a necessary nuclear structure, and most likely, during development, a cellular
environment develops that can direct specific genes to their predetermined locations.
This environment can consist of a variety of factors including the specific expression of
DNA binding proteins, specific enzymes to modify proteins, or the presences or absence
or necessary co-factors that can determine enzyme activation. As tissues develop in
organisms, the tissue-specific genes eventually develop into their necessary location
(based on sub-nuclear structures), while the house-keeping genes do not require such
specific locations. The second camp, the evolutionarily pre-determined camp, holds that
nuclear organization is not determined by the tissue specificity, but rather by the
evolution of the cell. For example, a gene necessary for tissue-specific function might
not have a preferential location in the nuclear nor might it not change positions upon
activation due to an evolutionary aspect such as which chromosomal linkage group it
belonged to or which evolutionary pressures were applied to the gene/gene family. As
most aspects of science are concerned, the fulfillment of these predictions will likely be a
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combination of the two camps. From this author’s perspective, all organisms develop
and all organisms are part of the environment. It is entirely likely that specific nuclear
position of genes will differ between tissues as well as differing between species of
organisms. Finding a common position between tissues and species would imply a
fundamental necessity in cellular function and perhaps even evolution.
These questions and predictions cannot be resolved without the convergence of
different field of biology. The convergence of gross nuclear morphology with the four
dimensional aspect of transcription will undoubtedly lead to new and novel ways to
approach disease, as has been demonstrated by the past three years of work by the Misteli
group, which showed that the aberrant splice site on Lamin A can be corrected by
activated oligonucleotides specific to this disrupted region. Introduction of these
activated oligonucleotides effectively reversed the hallmark of Hutchinson-Gilford
Progeria Syndrome, a structurally deformed nucleus, to one indistinguishable from
control cells (Scaffidi and Misteli, 2006). Examples such as this are only the beginning
of answers being found by the integration of previously isolated fields of biology.
The application and integration of new information into a standard field in science
will undoubtedly lead to new and novel insights. Although initial disagreement might
arise from each field not fully understanding the other, ultimately the data that is most
consistent and weathers rigorous testing will provide the foundation for science to
progress. The next few years will be most interesting to see how our understanding of
transcription will change when analyzed and understood in terms of a four dimensional
background.

Copyright © Hollie Suzanne Skaggs 2007
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APPENDIX A

Appendix A: List of Abbreviations
aa, amino acid
ATL, adenine-tryptophan-leucine
ATP, adenosine 5'-triphophate
BAC, bacterial artificial chromosome
BSA. bovine serum albumin
CAT, chloramphenicol acetyltransferase
DAPI, 4’,6-diamidino-2-phenylindole
DNA, deoxyribonucleic acid
DTT, dithiothreitol,
EDTA, ethylene diamine triacetic acid
FITC, fluorescein isothiocyanate
FCS, fetal calf serum
GFP, green fluorescent protein
GNP-PNP, 5'-guanylylimidodiphosphate
GST, glutathione-s-transferase
GTP, guanosine 5’-triphosphate
HA, hemaglutinin
HEPES, n-2-hydroxyethylpiperazine-n'-2-ethanesulfonic acid
hnRNP, heteroribonucleoparticle
HTL, histidine-tryptophan-leucine
IFA, immunofluorescence assay
IgG, immunoglobulin G
kDa, kilodalton
luc, luciferase
MHC, major histone compatibility
Mb, megabases
MDa, megadalton
mRNA, messenger ribonucleic acid
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nM, nanometer
ORF, open reading frame
PBS, phosphate buffered saline
PCR, polymerase chain reaction
PMSF, phenylmethanesulfonyl fluoride
RNA, ribonucleic acid
RRX, rhodamine red-X
RSV, Rouse Sarcoma Virus
SDS, sodium dodecyl sulfate
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
SSC, sodium chloride sodium citrate buffer
TL, tryptophan-leucine
UTP, uridine 5'-triphosphate
UV, ultraviolet
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APPENDIX B
Appendix B: Additional Data

Due to the nature of science, some pieces of data generated remain elusive in their
interpretation. Three such pieces arose during the course of this dissertation,
immunofluorescence analysis of Tpr and HSF1 under stress, gel-shift analysis of Tpr
binding an HSE containing probe and yeast-two hybrid analysis of Tpr amino acids 14117 and 1218-1320’s interaction with different truncation mutants of HSF1 and HSF2.
After standard immunfluorescence analysis of Tpr and HSF1 at homeostatic
conditions and stress conditions, an increase in Tpr staining nuclear foci was observed
under stress, some of which co-localized with HSF1 containing granules (Appendix B,
Figure 1). Although Kuznetsov et al. (2002) determined that the majority of intranuclear
staining is cross-reactivity with other coiled-coil proteins, some Tpr is intranuclear.
Further studies are needed to determine if the results observed are really Tpr, and if so,
what role do these granules play.
Similarly, after super-shifting control and heat-shock cell extracts incubated with
radioactive HSE-containing DNA duplexes with Tpr antibodies (for method, see Sistonen
et al., 1994), the results obtained are difficult to interpret. With increasing amounts of
Tpr antibody added, the complex formation alters (Appendix B, Figure 2). However,
rather than having a slower moving complex, which is usually the result of the antibody
binding antigen in the cellular extract which is bound to DNA, the complex forms more
quickly moving complexes. Further studies are needed to determine what the results
mean.
In addition to these pieces of data, yeast-two hybrid analysis performed as
described in Chapters 3 between Tpr amino acids 14-117 and 1218-1320 and COOH
terminal truncation mutants of HSF1 and HSF2 reveal interesting results. While the
initial removal of carboxy amino acids in these two proteins decreases the strength of the
interaction, further removal form the carboxy terminal end strengthens the interaction
(Appendix B, Figure 3). The early interpretation is that an inhibitory domain exists in
HSF1 and HSF2 that hides the more internal AA 14-117 and AA 1218-1320 binding
domain.
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These three pieces of data do warrant further studies to determine 1) if the
observed results are real and 2) if the results reveal anything about the interaction
between HSF1 and HSF2. If they are real, they will support the previous data presented
in this document and further explain details about this interaction.
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Appendix B, Figure 1: Immunoreactive granules of Tpr increase upon stress.

Appendix B, Figure 1: Immunoreactive granules of Tpr increase upon stress.
a) Control and heat-shocked HeLa ATCC’s were fixed, permeablized, and stained for
HSF1 (green) and Tpr (red). DNA was stained with DAPI. (b and c) Sections of cell’s
from panel (a) demonstrating HSF1 and Tpr stress granules co-localizing.
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Appendix B, Figure 2: Increasing Tpr antibody alters complex formation as
detected by gel shift assay.

Appendix B, Figure 2: Increasing Tpr antibody alters complex formation as
detected by gel shift assay.
Application of increasing amounts of Tpr antibody to control and heat-shock cell extracts
incubated with an HSE-containing radioactive DNA duplex alters complex formation.
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Appendix B, Figure 3: Interactions between HSF1 and HSF2 with Tpr amino acids
14-117 and amino acids 1218-1320 as detected by yeast-two hybrid assay.

(a)

(b)
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(c)

(d)

Appendix B, Figure 3: Interactions between HSF1 and HSF2 with Tpr amino acids
14-117 and amino acids 1218-1320 as detected by yeast-two hybrid assay.
(a) Yeast-two hybrid analysis between 10E (amino acids 14-117) vs. HSF1 (b) Yeasttwo hybrid analysis between 10E (amino acids 14-117) vs. HSF2 (c) Yeast-two hybrid
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analysis between 11E (amino acids 1218-1320) vs. HSF1 (d) Yeast-two hybrid analysis
between 11E (amino acids 1218-1320) vs. HSF2.
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